In this study, nickel matrix composites reinforced by carbon nanotubes (CNTs) are compared to unreinforced CNT-coated (by drop-casting) bulk nickel samples in terms of their friction and wear behavior, thus gaining significant knowledge regarding the tribological influence of CNTs and the underlying tribo-mechanism. It has been shown that the frictional behavior is mainly influenced by the CNTs present in the contact zone, as just minor differences in the coefficient of friction between the examined samples can be observed during run-in. Consequently, the known effect of a refined microstructure, thus leading to an increased hardness of the CNT reinforced samples, seems to play a minor role in friction reduction compared to the solid lubrication effect induced by the CNTs. Additionally, a continuous supply of CNTs to the tribo-contact can be considered isolated for the reinforced composites, which provides a long-term friction reduction compared to the CNT-coated sample. Finally, it can be stated that CNTs can withstand the accumulated stress retaining to some extent their structural state for the given strain. A comprehensive study performed by complementary analytical methods is employed, including Raman spectroscopy and scanning electron microscopy to understand the involved friction and wear mechanisms.
Introduction
In recent years, carbon nanotubes (CNTs) have been receiving a lot of attention in the research community due to their outstanding intrinsic physical properties, particularly mechanical [1] and thermal [2] . In addition to that, their shape, high aspect ratio and high flexibility rendered them as a promising candidate for solid lubrication or as a lubricant additive in tribological applications. Several studies have proved the ability of CNTs to reduce friction and wear; for example, when used as the reinforcement phase in composites [3] [4] [5] [6] [7] [8] [9] , as a protective film [10] [11] [12] [13] , solid lubricant [8] [9] [10] 12, 14, 15] , or lubricant additive [16] [17] [18] [19] . Although all of these systems show improvements to a different extent, the tribo-mechanisms inducing these effects are clearly differing and not completely understood. The variation in testing parameters and tribological systems used make it rather difficult to correlate the measured effect to the underlying friction and/or wear mechanism. Therefore, the aim of the present work is to study the behavior of CNTs used as reinforcement phase or as a protective film, but keeping all the tribological testing parameters fairly constant. Thus, differences in the tribological behavior can be traced back more easily as a function of the purpose of use.
The main drawback of CNTs is their processing difficulty due to strong van der Waals interactions that generate agglomerates. This reduces all of the aforementioned properties, as well as the integration
Results and Discussion

Frictional Behavior
The different sample sets were first compared in terms of the temporal evolution of the coefficient of friction (COF) using a ball-on-disk tribometer under linear reciprocating motion and an Al 2 O 3 ball as counter body. In Figure 1 the COF is plotted as a function of the number of sliding cycles (total sliding cycles of 200) for the sintered Ni reference, the CNT-coated sample and the CNT-reinforced sample. The COF of the Ni reference increases during the first 60 cycles from 0.2 to roughly 0.45. In the beginning of the experiment, only some single asperities of the ball and the substrate are in contact with each other, thus generating a small contact area. With time (increasing number of sliding cycles), the initial surface roughness is worn off and the indentation depth of the asperities increases which leads to an enlargement of the contact area. This is directly related to the increase in the COF as observed in Figure 1Figure 1. Moreover, as Raman spectroscopy can show later in this work, the formation of an oxide layer contributes to the increasing COF, since Ni oxide is known to act as a high-shear strength layer [5] . Afterwards, the COF drops slightly down within the next 90 cycles to a value of 0.36 remaining stable for the rest of the measuring time. After a certain time, the substrate and the counter body undergo a transition from non-conformal to conformal contact conditions due to the smoothing of the surface roughness which results in a reduced COF. The behavior is typical for pure metals and has been already extensively investigated [38] .
In case of the CNT-coated sample, the COF drops down within the first 50 cycles from 0.38 to 0.1, remaining stable at this value for the rest of the measurement. The high initial COF may be explained by shifting large amounts of entangled CNTs to the sides of the wear track within the first sliding cycles. The shifting and stacking of entangled CNTs requires a higher transversal force, thus resulting in a higher COF. Subsequently, the wear track can be continuously supplied with small amounts of CNTs that are transferred from the end of the wear tracks back to the contact area. In addition to that, entangled CNTs are also transferred to the ball, which can be seen in Figure 2Figure 2. These transferred CNTs will also contribute to the continuous supply of CNTs to the contact area. In this case, the CNTs act as solid lubricant as there is no other difference to the nickel reference than the CNTs in the contact area [5, 10, 12, 14, 15] . Furthermore, it is noteworthy that no oxide formation is detected in this case. The COF of the Ni reference increases during the first 60 cycles from 0.2 to roughly 0.45. In the beginning of the experiment, only some single asperities of the ball and the substrate are in contact with each other, thus generating a small contact area. With time (increasing number of sliding cycles), the initial surface roughness is worn off and the indentation depth of the asperities increases which leads to an enlargement of the contact area. This is directly related to the increase in the COF as observed in Figure 1 . Moreover, as Raman spectroscopy can show later in this work, the formation of an oxide layer contributes to the increasing COF, since Ni oxide is known to act as a high-shear strength layer [5] . Afterwards, the COF drops slightly down within the next 90 cycles to a value of 0.36 remaining stable for the rest of the measuring time. After a certain time, the substrate and the counter body undergo a transition from non-conformal to conformal contact conditions due to the smoothing of the surface roughness which results in a reduced COF. The behavior is typical for pure metals and has been already extensively investigated [38] .
In case of the CNT-coated sample, the COF drops down within the first 50 cycles from 0.38 to 0.1, remaining stable at this value for the rest of the measurement. The high initial COF may be explained by shifting large amounts of entangled CNTs to the sides of the wear track within the first sliding cycles. The shifting and stacking of entangled CNTs requires a higher transversal force, thus resulting in a higher COF. Subsequently, the wear track can be continuously supplied with small amounts of CNTs that are transferred from the end of the wear tracks back to the contact area. In addition to that, entangled CNTs are also transferred to the ball, which can be seen in Figure 2 . These transferred CNTs will also contribute to the continuous supply of CNTs to the contact area. In this case, the CNTs act as solid lubricant as there is no other difference to the nickel reference than the CNTs in the contact area [5, 10, 12, 14, 15] . Furthermore, it is noteworthy that no oxide formation is detected in this case. Regarding the CNT-reinforced sample, the COF remains stable and at a low value of around 0.1 over the entire measuring time. Using the Hertzian contact model, the contact pressure for the given material pairing (Al2O3 against Ni) can be estimated to 1.56 GPa [29] . This value greatly exceeds the yield strength of the samples, which is 0.3 for pure Ni and 0.45 GPa for the CNT-reinforced Ni. Thus, a greater penetration depth and a subsequently increased real contact area is resulting for the Ni reference [29] . Additionally, a very similar COF can be noticed after the first 50 sliding cycles for the CNT-reinforced sample compared to the CNT-coated sample. This might be a consequence of the embedded CNT clusters that can act as a lubricant reservoir, supplying the rubbing surfaces continuously with CNTs [5] . As the COF of both samples is nearly identical, it is reasonable to assume that this behavior is mainly induced by CNTs present in the contact zones.
This being stated, it is of interest to examine the long-term behavior of these samples. In Figure  3Figure 3 the temporal evolution of the COF of the three samples for 20,000 sliding cycles is depicted. For the Ni reference, it can be observed that the COF decreases within the first 2500 cycles from 0.4 to 0.35, henceforward remaining fairly constant. With time, the surface asperities are worn off, thus generating conformal contact conditions. This process ends after the first 2500 cycles, reaching an equilibrium and, thus, steady state conditions [38] . As could also be detected for the 200 sliding Regarding the CNT-reinforced sample, the COF remains stable and at a low value of around 0.1 over the entire measuring time. Using the Hertzian contact model, the contact pressure for the given material pairing (Al 2 O 3 against Ni) can be estimated to 1.56 GPa [29] . This value greatly exceeds the yield strength of the samples, which is 0.3 for pure Ni and 0.45 GPa for the CNT-reinforced Ni. Thus, a greater penetration depth and a subsequently increased real contact area is resulting for the Ni reference [29] . Additionally, a very similar COF can be noticed after the first 50 sliding cycles for the CNT-reinforced sample compared to the CNT-coated sample. This might be a consequence of the embedded CNT clusters that can act as a lubricant reservoir, supplying the rubbing surfaces continuously with CNTs [5] . As the COF of both samples is nearly identical, it is reasonable to assume that this behavior is mainly induced by CNTs present in the contact zones.
This being stated, it is of interest to examine the long-term behavior of these samples. In Figure 3 the temporal evolution of the COF of the three samples for 20,000 sliding cycles is depicted. Regarding the CNT-reinforced sample, the COF remains stable and at a low value of around 0.1 over the entire measuring time. Using the Hertzian contact model, the contact pressure for the given material pairing (Al2O3 against Ni) can be estimated to 1.56 GPa [29] . This value greatly exceeds the yield strength of the samples, which is 0.3 for pure Ni and 0.45 GPa for the CNT-reinforced Ni. Thus, a greater penetration depth and a subsequently increased real contact area is resulting for the Ni reference [29] . Additionally, a very similar COF can be noticed after the first 50 sliding cycles for the CNT-reinforced sample compared to the CNT-coated sample. This might be a consequence of the embedded CNT clusters that can act as a lubricant reservoir, supplying the rubbing surfaces continuously with CNTs [5] . As the COF of both samples is nearly identical, it is reasonable to assume that this behavior is mainly induced by CNTs present in the contact zones.
This being stated, it is of interest to examine the long-term behavior of these samples. In Figure  3Figure 3 the temporal evolution of the COF of the three samples for 20,000 sliding cycles is depicted. For the Ni reference, it can be observed that the COF decreases within the first 2500 cycles from 0.4 to 0.35, henceforward remaining fairly constant. With time, the surface asperities are worn off, thus generating conformal contact conditions. This process ends after the first 2500 cycles, reaching an equilibrium and, thus, steady state conditions [38] . As could also be detected for the 200 sliding For the Ni reference, it can be observed that the COF decreases within the first 2500 cycles from 0.4 to 0.35, henceforward remaining fairly constant. With time, the surface asperities are worn off, thus generating conformal contact conditions. This process ends after the first 2500 cycles, reaching an equilibrium and, thus, steady state conditions [38] . As could also be detected for the 200 sliding cycles, Ni oxide is formed during the run-in. As a consequence, the final COF is mainly influenced [39] .
In the case of CNT-coated Ni, it becomes clear that the COF is just reduced within the first 3000 cycles. During this time interval, the COF increases from 0.1 to 0.35 and also shows some sharp spikes. These spikes can be explained with the removal of the CNT layer. It is worth mentioning that this removal is just temporary because CNTs that have been shifted out of the wear track can be partially transferred back during the sliding movement. In between 3000 and 7000 sliding cycles, the COF increases from 0.35 to 0.47. This might be a consequence of several influences which act at the same time. On the one hand, this increase might be attributed to the occurrence of the ongoing direct contact of the Al 2 O 3 ball with the Ni substrate (increasing contact area), thus showing a similar behavior as the reference within the first 1000 cycles. Furthermore, the generation of oxide particles contributes to the increasing COF as discussed for the reference. Finally, the CNTs are not acting as a lubricant anymore, as they are completely shifted out of the wear track. However, carbon can still be found in the middle of the wear track as shown by Raman spectroscopy and discussed later in this work. It is rather unclear, how the observed carbon configuration affects the COF. This topic is subject of ongoing research work and will be addressed in a follow-up paper. During the next 3000 cycles, the contacting surfaces undergo a transition from non-conformal to conformal contact conditions. Additionally, several spikes can be noticed which might be caused by a temporary appearance of "fresh" CNTs that have been transferred back again from the sides of the wear track to the contact zone. The observed spikes that show a higher COF can result from the generation of wear particle accumulations. After 10,000 cycles, the CNT-layer is completely removed and the COF remains stable for the rest of the measurement, as observed for the reference. This can be explained with the presence of an oxide layer and the complete absence of CNTs.
The CNT-reinforced sample shows a rather different behavior. For this sample, the COF increases from 0.1 to 0.3 within the first 500 cycles. During the next 1000 cycles, the COF decreases again to a value of 0.25. For the remaining testing time, the COF fluctuates between 0.25 and 0.3. The first increase can be explained by the increasing contact area, as asperities of the ball and the substrate are worn off with time and the surface is slightly indented by the counter body. Afterwards, the decrease of COF seems to be a consequence of CNTs that reach the contact area as they are released from the agglomerate clusters inside the nickel matrix due to wear. The fluctuation in the third part might be explained by the limited amount of CNTs that can be transferred to the contact area. In other words, while the surface is worn off, new CNTs will be continuously shifted to the contact area, thus supplying the contact zone with new solid lubricant. However, it is worth mentioning that the amount of CNTs transferred to the contact zone will differ with time due to the slightly inhomogeneous distribution of CNT clusters in the bulk material. Another reason for a fluctuation of the COF might be the mild and very irregular formation of oxides within the wear track. This can be explained by a partial protection against oxidation induced by the irregular presence of CNTs, as carbon can act as an oxygen diffusion barrier. This is because of the higher stability of carbon oxide compared to Ni oxide, which can be seen in the corresponding Ellingham diagram.
Wear Behavior
In general, it can be pointed out that different wear mechanisms are normally acting simultaneously during a tribological experiment. Therefore, only the dominating mechanisms are named and discussed in the following section. In Figure 4 , SEM micrographs of the wear tracks observed on the Ni reference after 200 (a) and 20,000 sliding cycles (b) are depicted. It can be stated that the main wear mechanism for both wear tracks is plowing. This is evident as the hardness of the counter body (Al2O3 ball) greatly exceeds the hardness of the nickel reference. Furthermore, the formation of Ni oxide particles can additionally add an abrasive component. Particularly for NiO, it has also been proven that it acts as a high shear strength layer which increases the COF [5] . Together with the increasing contact area during the run-in process, this leads to an enlarged COF. The oxide formation was studied by Raman spectroscopy and will be further discussed in the next section of the present work.
Furthermore, an enlarged wear track width after 20,000 sliding cycles wear track compared to 200 cycles is clearly noticeable. This is a consequence of the ongoing indentation of the Al2O3 ball into the sample during the measurement, thus generating a larger contact area with the flanks of the ball and, thus, expanding the width of the wear track.
In Figure 5Figure 5, the corresponding wear tracks for the CNT-coated sample are displayed. It can be stated that the main wear mechanism for both wear tracks is plowing. This is evident as the hardness of the counter body (Al 2 O 3 ball) greatly exceeds the hardness of the nickel reference. Furthermore, the formation of Ni oxide particles can additionally add an abrasive component. Particularly for NiO, it has also been proven that it acts as a high shear strength layer which increases the COF [5] . Together with the increasing contact area during the run-in process, this leads to an enlarged COF. The oxide formation was studied by Raman spectroscopy and will be further discussed in the next section of the present work.
Furthermore, an enlarged wear track width after 20,000 sliding cycles wear track compared to 200 cycles is clearly noticeable. This is a consequence of the ongoing indentation of the Al 2 O 3 ball into the sample during the measurement, thus generating a larger contact area with the flanks of the ball and, thus, expanding the width of the wear track.
In Figure 5 , the corresponding wear tracks for the CNT-coated sample are displayed. In case of the 200 sliding cycles, no severe wear of the nickel substrate can be noticed. Apart from slight scratches that might have been generated by larger asperities of the ball the Ni surface is still polished. It is worth mentioning that even after the tribological experiment, individual grains can still be recognized, which is only possible for highly-polished surfaces. Inside of the mentioned scratches, CNTs can be found which is verified by Raman spectroscopy. These CNTs, as well as the CNTs from the wear track end, can lubricate the sample, thus preventing the occurrence of severe wear. In general, the absence of severe wear demonstrates that the temporal evolution of the COF for 200 cycles is mainly dominated by the contact of the CNT-coating with the counter body, acting as a protective layer for the Ni substrate. Furthermore, no oxide formation can be detected. This observation seems to be reasonable as there is almost no direct contact between the counter body and the Ni substrate. The lack of oxides might also contribute to the low COF observed for the 200 sliding cycles.
For 20,000 sliding cycles, two areas in the wear tracks can be distinguished. On the one hand, in the middle of the wear track, a small area (width between 60 and 70 μm) with severe wear and pronounced plowing as well as oxidation marks can be found. On the other hand, a wider wear track having some slight scratches and a similar appearance compared to the wear track observed after 200 sliding cycles is clearly visible. When comparing the wear track widths after 200 and 20,000, it is noticeable that the wear track width is more or less constant. The area, where severe wear occurs might be connected to the increasing COF after 3000 cycles, when the Al2O3 ball potentially gets in full contact to the Ni substrate. Thus, from this point on, the similar behavior of the COF compared to the Ni reference could be explained by this hypothesis. As for the reference, the dominating wear mechanism is most probably plowing. Additionally, similar to the reference, an oxide formation can In case of the 200 sliding cycles, no severe wear of the nickel substrate can be noticed. Apart from slight scratches that might have been generated by larger asperities of the ball the Ni surface is still polished. It is worth mentioning that even after the tribological experiment, individual grains can still be recognized, which is only possible for highly-polished surfaces. Inside of the mentioned scratches, CNTs can be found which is verified by Raman spectroscopy. These CNTs, as well as the CNTs from the wear track end, can lubricate the sample, thus preventing the occurrence of severe wear. In general, the absence of severe wear demonstrates that the temporal evolution of the COF for 200 cycles is mainly dominated by the contact of the CNT-coating with the counter body, acting as a protective layer for the Ni substrate. Furthermore, no oxide formation can be detected. This observation seems to be reasonable as there is almost no direct contact between the counter body and the Ni substrate. The lack of oxides might also contribute to the low COF observed for the 200 sliding cycles.
For 20,000 sliding cycles, two areas in the wear tracks can be distinguished. On the one hand, in the middle of the wear track, a small area (width between 60 and 70 µm) with severe wear and pronounced plowing as well as oxidation marks can be found. On the other hand, a wider wear track having some slight scratches and a similar appearance compared to the wear track observed after 200 sliding cycles is clearly visible. When comparing the wear track widths after 200 and 20,000, it is noticeable that the wear track width is more or less constant. The area, where severe wear occurs might be connected to the increasing COF after 3000 cycles, when the Al 2 O 3 ball potentially gets in full contact to the Ni substrate. Thus, from this point on, the similar behavior of the COF compared to the Ni reference could be explained by this hypothesis. As for the reference, the dominating wear mechanism is most probably plowing. Additionally, similar to the reference, an oxide formation can be observed in the middle. Moreover, at the ends of the wear track, oxidic wear particles are deposited. The formation of these particles mainly contributes to the increasing COF during run-in, thus showing a similar frictional behavior as the reference. However, in contrast to the Ni reference, the width of the area with severe wear occurrence is decreased which might be due to the CNTs that avoid the direct contact of the flanks of the ball with the Ni substrate.
In Figure 6 , the wear track on the CNT-reinforced sample after 20,000 cycles is depicted.
Lubricants 2016, 4, 11 8 of 16 be observed in the middle. Moreover, at the ends of the wear track, oxidic wear particles are deposited. The formation of these particles mainly contributes to the increasing COF during run-in, thus showing a similar frictional behavior as the reference. However, in contrast to the Ni reference, the width of the area with severe wear occurrence is decreased which might be due to the CNTs that avoid the direct contact of the flanks of the ball with the Ni substrate. In Figure 6Figure 6, the wear track on the CNT-reinforced sample after 20,000 cycles is depicted. Although the dominating wear mechanism is, again, plowing, the wear track seems to be very inhomogeneous. In some areas, severe wear occurs, whereas other parts are nearly unaffected. Having a closer look at the areas with less wear, it can be observed that CNT clusters are present in these areas. As a consequence, the inhomogeneous wear track can be well correlated with the distribution of the CNT clusters within the composite. In addition to this, a large amount of oxidic wear particles can be found at the ends of the wear track, but less oxidic wear particles can be determined within the wear track. It might be reasonable to assume that these particles are shifted out of the contact zone, thus having a reduced influence of the resulting COF. Additionally, as there is a continuous supply of "fresh" CNTs during the tribological measurement, the sample is always lubricated. Noticing that the COF is not as low as in the beginning of the measurement of the CNT-coated sample, this mainly seems to be a function of the amount of CNTs involved in the process and present in the tribological contact zone. Consequently, a better distribution of CNT clusters, as well as a higher amount in the contact zone would probably lower the resulting COF to a larger extent and allows for improved wear protection of the composite material. This is currently subject of ongoing research work and will be published by the authors in a follow-up paper.
Structural and Chemical Analysis of the Wear Tracks
Raman spectroscopy is widely recognized as the most suitable technique to assess the structural state of sp 2 carbon materials. In the specific case of CNTs, this technique provides very useful information for the proper description of their defect and purity state [40] . Within the typical resonances in CNTs, the most relevant are the D (defect-related), G (graphitic lattice-related), and G′ (second order resonance, purity-related) bands [41] . Additionally, the analysis of the FWHM of the G band (ΓG) depict the evolution of the crystallinity of the graphitic lattice [37] . Finally, it has been empirically shown that the distance between defects is related to the excitation wavelength (λ) of the spectrometer and the intensity ratio of the D and G band [42, 43] . This distance can, thus, be calculated by [43] : Although the dominating wear mechanism is, again, plowing, the wear track seems to be very inhomogeneous. In some areas, severe wear occurs, whereas other parts are nearly unaffected. Having a closer look at the areas with less wear, it can be observed that CNT clusters are present in these areas. As a consequence, the inhomogeneous wear track can be well correlated with the distribution of the CNT clusters within the composite. In addition to this, a large amount of oxidic wear particles can be found at the ends of the wear track, but less oxidic wear particles can be determined within the wear track. It might be reasonable to assume that these particles are shifted out of the contact zone, thus having a reduced influence of the resulting COF. Additionally, as there is a continuous supply of "fresh" CNTs during the tribological measurement, the sample is always lubricated. Noticing that the COF is not as low as in the beginning of the measurement of the CNT-coated sample, this mainly seems to be a function of the amount of CNTs involved in the process and present in the tribological contact zone. Consequently, a better distribution of CNT clusters, as well as a higher amount in the contact zone would probably lower the resulting COF to a larger extent and allows for improved wear protection of the composite material. This is currently subject of ongoing research work and will be published by the authors in a follow-up paper.
Raman spectroscopy is widely recognized as the most suitable technique to assess the structural state of sp 2 carbon materials. In the specific case of CNTs, this technique provides very useful information for the proper description of their defect and purity state [40] . Within the typical resonances in CNTs, the most relevant are the D (defect-related), G (graphitic lattice-related), and G 1 (second order resonance, purity-related) bands [41] . Additionally, the analysis of the FWHM of the G band (Γ G ) depict the evolution of the crystallinity of the graphitic lattice [37] . Finally, it has been empirically shown that the distance between defects is related to the excitation wavelength (λ) of the spectrometer and the intensity ratio of the D and G band [42, 43] . This distance can, thus, be calculated by [43] :
It is important to consider that, since Raman spectroscopy is a volume-sensitive technique, it is necessary to normalize the information (to the peak with the maximum intensity) and that only a comparison of intensity ratios provides reliable information.
For this study, we focused our analysis on the most relevant structural indicators obtained by Raman spectroscopy, namely: defect index (I D /I G ), purity index (I G 1 /I D ), G-band center position (X CG ), crystallinity (Γ G ), and mean inter-defect distance (L a ). Figure 7 shows the spectra of different positions within and outside the wear track for the CNT-coated sample after 200 sliding cycles. Region A lies outside the contact zone, region B consists of distributed carbon phase within the track, region C contains distributed agglomerates inside the track, region D contains CNTs within a wear scratch and, finally, region E is at the center of the wear track. Generally, all spectra show a similar peak distribution except for that taken at spot E. In this case, there are no peaks whatsoever, representing a typical result of a pure metal. It is well known that metals with either fcc, hcp, or bcc crystal lattices present no first-order Raman spectra [44] . Interestingly, by considering the quantitative analysis of the Raman data presented in Table 1 , several conclusions can be drawn. First, a clear degradation of the CNTs structural quality can be observed as we move towards the center of the wear track. This is supported by an increasing I D /I G ratio and certainly, by a reduction in the mean inter-defect distance. However, the crystallinity does not show a significant deviation within the measured values, thus withstanding a possible conclusion in this respect. Regarding the purity index, it follows a similar behavior as the crystallinity, being directly related to the deterioration of the graphitic structure into an amorphous-type sp 2 carbon phase. It is important to consider that, since Raman spectroscopy is a volume-sensitive technique, it is necessary to normalize the information (to the peak with the maximum intensity) and that only a comparison of intensity ratios provides reliable information.
For this study, we focused our analysis on the most relevant structural indicators obtained by Raman spectroscopy, namely: defect index (ID/IG), purity index (IG′/ID), G-band center position (XCG), crystallinity (ΓG), and mean inter-defect distance (La). Figure 7Figure 7 shows the spectra of different positions within and outside the wear track for the CNT-coated sample after 200 sliding cycles. Region A lies outside the contact zone, region B consists of distributed carbon phase within the track, region C contains distributed agglomerates inside the track, region D contains CNTs within a wear scratch and, finally, region E is at the center of the wear track. Generally, all spectra show a similar peak distribution except for that taken at spot E. In this case, there are no peaks whatsoever, representing a typical result of a pure metal. It is well known that metals with either fcc, hcp, or bcc crystal lattices present no first-order Raman spectra [44] . Interestingly, by considering the quantitative analysis of the Raman data presented in Table  1Table 1, several conclusions can be drawn. First, a clear degradation of the CNTs structural quality can be observed as we move towards the center of the wear track. This is supported by an increasing ID/IG ratio and certainly, by a reduction in the mean inter-defect distance. However, the crystallinity does not show a significant deviation within the measured values, thus withstanding a possible conclusion in this respect. Regarding the purity index, it follows a similar behavior as the crystallinity, being directly related to the deterioration of the graphitic structure into an amorphous-type sp 2 carbon phase. The Raman spectra of the CNT-coated sample tested for 20,000 sliding cycles are shown in Figure 8 . Here, three different regions are clearly noticeable. Region A is on the edge of the track, where apparently lightly modified CNTs are. Region B lies within the contact zone, where the CNTs seem to be embedded in the matrix. Finally, region C (light grey zone) is where the highest contact pressure was applied.
The Raman spectra of the CNT-coated sample tested for 20,000 sliding cycles are shown in Figure  8Figure 8 . Here, three different regions are clearly noticeable. Region A is on the edge of the track, where apparently lightly modified CNTs are. Region B lies within the contact zone, where the CNTs seem to be embedded in the matrix. Finally, region C (light grey zone) is where the highest contact pressure was applied. The quantification of the Raman spectra (Table 2Table 2) provides similar results as those shown for 200 cycles regarding tendencies on the different intensity ratios analyzed. However, due to the longer measuring time, the effects become more evident. Specifically, there is a clear increment in the defect ratio (and subsequently, the inter-defect distance), related to the increased exposure time to the tribological contact. Furthermore, the quality indicators (purity index and crystallinity) show a strong degradation of the CNTs towards a different carbon configuration, namely amorphous nano-carbons. This is also strongly supported by the G-band shift towards a higher Raman shift [45] . The quantification of the Raman spectra (Table 2) provides similar results as those shown for 200 cycles regarding tendencies on the different intensity ratios analyzed. However, due to the longer measuring time, the effects become more evident. Specifically, there is a clear increment in the defect ratio (and subsequently, the inter-defect distance), related to the increased exposure time to the tribological contact. Furthermore, the quality indicators (purity index and crystallinity) show a strong degradation of the CNTs towards a different carbon configuration, namely amorphous nano-carbons. This is also strongly supported by the G-band shift towards a higher Raman shift [45] . Regarding the surface chemistry after the tribological experiments, all studied cases showed the presence of Ni oxide (NiO) [46, 47] . This is straightforwardly detected with Raman spectroscopy by observing the resonance at 550 and 1100 cm´1.
Specifically, the peak at 550 cm´1 corresponds to a one-phonon (1P) scattering and the peak at 1100 cm´1 corresponds to a two-phonon (2P) scattering process [46, 47] . Figure 9 shows the spectra of the samples in the range of interest. The 1P scattering is detected in all the samples, whereas 2P is observable only in the reference sample, even after only 200 cycles. This would indicate that the oxidation activity was stronger in the absence of CNTs which is related to the capability of the CNTs to avoid the direct exposure of the metal to the environment. Particularly, in the case of the CNT-coated samples, the protection is evident. However, in the case of the CNT-reinforced Ni, the behavior is quite different. The protection is achieved only after a CNT-layer is formed after run-in, where the CNTs are provided by the agglomerates present within the matrix.
Regarding the surface chemistry after the tribological experiments, all studied cases showed the presence of Ni oxide (NiO) [46, 47] . This is straightforwardly detected with Raman spectroscopy by observing the resonance at 550 and 1100 cm −1 .
Specifically, the peak at 550 cm −1 corresponds to a one-phonon (1P) scattering and the peak at 1100 cm −1 corresponds to a two-phonon (2P) scattering process [46, 47] . Figure 9Figure 9 shows the spectra of the samples in the range of interest. The 1P scattering is detected in all the samples, whereas 2P is observable only in the reference sample, even after only 200 cycles. This would indicate that the oxidation activity was stronger in the absence of CNTs which is related to the capability of the CNTs to avoid the direct exposure of the metal to the environment. Particularly, in the case of the CNT-coated samples, the protection is evident. However, in the case of the CNT-reinforced Ni, the behavior is quite different. The protection is achieved only after a CNT-layer is formed after run-in, where the CNTs are provided by the agglomerates present within the matrix. Finally, we analyzed the state of the CNTs that were transferred from the coating to the counter body during the experiment. The Raman spectra and its subsequent quantitative analysis are shown in Figure 10Figure 10 and Table 3Table 3, respectively. As for the substrate, an increment in the defect ratio and the inter-defect distance can be observed which is proportional to the increasing exposure time of the CNTs in the tribological contact. Finally, we analyzed the state of the CNTs that were transferred from the coating to the counter body during the experiment. The Raman spectra and its subsequent quantitative analysis are shown in Figure 10 and Table 3 , respectively. As for the substrate, an increment in the defect ratio and the inter-defect distance can be observed which is proportional to the increasing exposure time of the CNTs in the tribological contact. 
Experimental Section
Materials
Commercially available multi-walled CNTs (Baytubes C150P from Bayer (Leverkusen, Germany), purity >95%, individual particle diameter of 5-20 nm) and dendritic Ni powder (Alfa Aesar (Karlsruhe, Germany), maximum particle size of 44 μm, purity of 99.8%) were used as starting materials. They were blended by a colloidal mixing process using ethylene glycol as solvent. In order Figure 10 . Raman spectra of the transferred CNTs from the coating to the counter body (alumina ball). 
Experimental Section
Materials
Commercially available multi-walled CNTs (Baytubes C150P from Bayer (Leverkusen, Germany), purity >95%, individual particle diameter of 5-20 nm) and dendritic Ni powder (Alfa Aesar (Karlsruhe, Germany), maximum particle size of 44 µm, purity of 99.8%) were used as starting materials. They were blended by a colloidal mixing process using ethylene glycol as solvent. In order to ensure good dispersion, a homogenizer (WiseTis, Witeg) and an ultrasonic bath (Sonorex Super RK 514, Bandelin, 860 W, 35 kHz) were employed for five and 20 min, respectively. These processing parameters, as well as a concentration of 0.006 vol% of CNTs in the solvent were chosen according to previous studies [26] . In a previous study, the zeta-potential of this system was determined to be 21.7˘1.4 mV [26] .
After the dispersion process, the solvent was evaporated in a furnace at 150˝C. The obtained powder mixtures were used to fabricate nickel matrix composites with 1 wt % MWCNTs. In order to do so, the powder was consolidated using an axial pressure of 990 MPa to generate cylindrical samples with a diameter of 8 mm. Afterwards, these samples were densified in a hot uniaxial press under vacuum (10´4 Pa) at 1023 K for 2.5 h.
The CNT-coated Ni samples were manufactured by drop-casting. The suspension consisted of a dispersion of the already-described CNTs in ethylene glycol with a concentration of 0.4 mg/mL. The deposition process was based on the pre-heating of the sample up to 150˝C and the sequential drop deposition up to an accumulated amount of 20 drops. The individual drop volume was 50 µL. After the first drying step (drop evaporation), the samples were dried in a ventilated furnace at 200˝C for 2 h, in order to fully remove the remaining solvent.
Chemical Characterization and Wear Track Analysis
After the fabrication of the nickel matrix composites, the samples were grinded and polished (ending with a 1 µm diamond polishing suspension) in order to guarantee a good surface quality with a root mean square roughness of 2.8˘0.5 nm.
Prior to and after the tribological experiments, Raman spectra were recorded using an inVia Raman microscope (Renishaw) with an excitation wavelength of 532 nm in order to study the quality of the CNTs and to investigate tribo-oxidational effects. The data was recorded using a grating with 2400 lines per mm, a 50x-objective (numeric aperture: 0.9) and a laser power of 0.2 mW. The optical elements of the Raman microscope used in this analysis produced a laser spot size of roughly 5 µm (full width at half maximum), a spectral resolution of about 1.2 cm´1 and a penetration depth of approximately 1 µm.
After the tribological measurements, the samples were imaged by light microscopy (BX 60, Olympus) or scanning electron microscopy (Helios Nanolab 600, FEI) in order to investigate the wear tracks which can get a hint to the underlying friction and wear mechanisms. For scanning electron microscopy, a voltage of 5 kV was applied using a working distance of 4 mm.
Tribological Experiments
Tribological experiments under dry sliding conditions were conducted using a ball-on-disk tribometer (CSM Instruments) in linear reciprocating sliding mode with a stroke length of 0.6 mm, a maximum sliding speed of 1 mm/s and a normal load of 100 mN. The number of cycles was set to be 200 and 20,000 cycles in order to study the run-in behavior and the long-term stability of the fabricated samples (CNT-composites and CNT-coated samples). The counter body was an Al 2 O 3 ball with a diameter of 6 mm. This ball material was chosen to avoid any plastic deformation of the counter body. The ball is mounted on a cantilever with a stiffness of 0.7624 µN/µm in normal and 1.1447 µN/µm in tangential direction. During the experiment, the deflections of the cantilever in the horizontal and vertical direction are measured using optical fiber displacement sensors. Consequently, the normal and friction force can be calculated, thus, resulting in the continuous measurement of the COF with a frequency of 100 Hz. A mean value for each sliding cycle was then calculated from the absolute measured raw values of one forward and backward motion, excluding the data obtained at the reversal points. Finally, the mean value of each sliding cycle was plotted as a function of the total sliding cycles. Temperature and relative humidity were kept constant at 20˘2˝C and 4%˘1%, respectively.
Conclusions
In this work, we were able to compare (by fixing the testing parameters) the frictional behavior of CNT-reinforced and CNT-coated samples. With regard to the tribological short-term experiments (200 sliding cycles), both samples induce a significant friction reduction (roughly by a factor of four) under dry friction, compared to the polished reference. It can be stated that the frictional behavior is mainly influenced by the CNTs present in the contact zone, as no difference in the COF between both samples can be observed. As a consequence, the known effect of a refined microstructure, thus leading to an increased hardness of the CNT reinforced samples seems to play a minor role in friction reduction compared to the solid lubrication effect induced by the CNTs.
Regarding the tribological long-term experiments (20.000 sliding cycles), it could be observed that the friction reduction of the CNT-coated samples just lasts for the first 3000 cycles after which the COF approaches the value of the reference. This can be explained by the gradual removal of CNTs from the contact zone. In contrast to that, the CNT-reinforced sample demonstrates a pronounced friction reduction over the entire 20.000 sliding cycles, which can be attributed mainly to the continuous supply of CNTs to the contact zone. In conjunction to the mentioned points, the generation of wear particles and the formation of an oxide layer (high shear strength layer) have to be taken into consideration. In this context, CNTs proved to act as an efficient barrier to avoid the oxidation of the contact region during the experiments. The avoidance of the oxidation turns out very useful, since the generation of a superficial oxide would unavoidably increase the COF due to an increased shear strength.
Regarding the structural resistance of the CNTs during the tribological experiments, we were able to show that even for extended test duration, the CNTs can withstand the accumulated stress, retaining to some extent their structural state. The occurrence of amorphous nano-carbons within the wear track of the CNT-reinforced sample and their effect on the tribological properties of the composite is subject of ongoing research work and will be published by the authors in a follow-up paper.
